Regional climate models (RCMs) are used for forecasting future climate including precipitation characteristics. Performances of five different RCMs for predicting the precipitation characteristics for Gothenburg, Sweden were evaluated against the daily observed precipitation over the period 1961 to 2009. Statistical analysis was done on annual, monthly, multi-daily, and daily data. The statistical techniques used include principal component analysis (PCA), comparison of annual maximum, frequency of exceedances determined from Poisson distribution, comparison of frequency distributions, and Mann-Kendall technique for investigating trend over time. Inter-annual variability and autocorrelation between years were also investigated. The results obtained point towards the usefulness of these high-resolution RCMs. It was observed that all the models give the annual maximum precipitation within 3 mm of the observed data. As for the observed series, no trends were found for monthly or seasonal data. The number of exceedances above threshold accepted Poisson distribution hypothesis with the mean exceedances from RCM-PROMES being very close to the mean exceedances from the observed data. PCA also indicated that PROMES came closest to explaining the observed data. The presented statistical methods can be used for bias correction of raw RCM data in future studies.
INTRODUCTION
Climate change is expected to lead to changed precipitation patterns in many regions. Dore () highlighted broad implications for future global precipitation suggesting that several regional precipitation trends can already be detected and are likely to increase in the future. In western Europe, mainly the daily winter precipitation has changed leading to increased annual precipitation shown for Sweden by Busuioc et al. () . For Britain, with a similar climate to western Sweden, Maraun et al. () showed that the winter rains have become more intense but that the daily summer storms rather have decreased in intensity or show inter-decadal variability. Using 600 gauges within the Rhine basin, Hundecha & Bárdossy () concluded that the large daily precipitation showed an increasing trend over 50 years in all seasons except summer, where it showed the opposite trend.
For predicting future climate trends, high resolution climate models must be used. Some of the earliest studies of the potential impacts of global warming in Europe were based on idealized global climate model (GCM) simulations.
Some studies used results from only one model to illustrate potential impacts (e.g., Emanuel et al. ) and some used a range of models for impact studies to ensure consistency (e.g., Parry ) . Later studies recognized inter-model uncertainties and adopted outputs from several GCMs (e.g., Rotmans et al. ) . The precipitation characteristics vary so much from region to region and locally within regions so the precipitation pattern can only be caught when the scale in the climate models is reduced. Jones et al. () , among others, have pointed out the advantages of using regional climate model (RCM) data over GCM data for small-scale spatial studies. RCMs represent an advantage over GCM data for representing small-scale processes as pointed out by Durman et al. () . RCM simulations are more realistic, when scaled, in comparison to GCM simulation data. Gao et al. () have also reached the same conclusion that RCM outperforms the driving GCMs in predicting future climate scenarios in terms of both spatial pattern and amount of precipitation.
Jones & Reid () studied the plausible increase in heaviest precipitation over Britain using RCM integrations.
Although any significant increase of extreme daily storms
have not yet been observed in western Europe, these model simulations indicated that daily storms are expected to increase significantly in the future, as was also found for northwestern Europe by Raisanen & Joelsson () . Climate projections for Sweden indicate higher temperatures, especially during winter. The Commission on Climate and Vulnerability was appointed by the Swedish Government in June 2005 to assess regional and local impacts of global climate change on Swedish society. In the study it was concluded that 'Sweden will become warmer and wetter'.
Precipitation is likely to increase in most parts of the country during the autumn, winter, and spring time. In summer-time, the climate will be warmer and drier, particularly in southern Sweden. Large storms are said to be expected to increase in future. 
RCM data
The RCM data are a grid of 25 × 25 km resolution, shown in The models used in this study are given in Table 1 . The
RCMs chosen for the study are based on the criteria that they have same grid size of 25 km resolution and also the same grid coordinates around Gothenburg, as depicted in Figure 1 . RCM CLM, the climate version of the Lokal Figure 1 | Study area, Gothenburg, depicting the observation station and the grid points used in the study. 
STATISTICAL METHODOLOGY
The RCMs simulate precipitation with daily steps. In the statistical analysis as for the observed daily rain series precipitation less than 1 mm is considered to be a 'no event'.
Comparison between simulations and observations is done on mean statistics, not between individual days or years.
Statistical techniques are used to analyze how well RCMs track the observed precipitation and can be relied upon for future predictions of precipitation and bias correction.
Descriptive statistics and rainfall distribution (CDF)
The daily rainfall frequency distributions of the observed data and the model simulations are determined and compared with focus on rare events, but also the number of wet days was considered. Descriptive statistics were calculated for observations and predicted data sets including mean, median, and standard deviation. This was then followed by calculation of coefficient of variation (CV) in monthly precipitation over a year and averaging over all years and seasonal events (winter and summer) to analyze variability in the annual and seasonal patterns. The fit to different theoretical distributions was investigated. Cumulative distribution F(x) can be defined as the proportion of observations lying below a certain value x. The cumulative distribution for all models simulation runs is compared with observed data.
Extreme event analysis
Extremes events of precipitation were studied by determining annual daily maximum, 2-day, 3-day, and 7-day annual maxi- 
where σ, μ, and γ are the scale, location, and shape parameters, respectively.
Poisson distribution is used to model the number of occurrences of extreme events (here daily precipitation exceeding a threshold value) within a given year. It can be used for data that involve random sums of rare events. We consider the extreme event exceedance of a threshold value. The cumulative function is:
where k is number of exceedances in a year, λ is the poisson parameter, and τ is the incomplete gamma function. An event was considered extreme if the daily precipitation exceeded 20 mm. An extreme event was defined as the event exceeding 99th percentile of the data. Number of rainy days (frequency) during summer and winter season was also calculated to analyze rain frequency during different seasons.
Inter-annual variability and autocorrelation
From investigations of 20th century precipitation in Germany, Trömel & Schönwiese () found that the variation of annual precipitation between years has increased.
Therefore, the variation between years was also investigated in the present study for annual, summer, and winter months. 
Principal component analysis (PCA)
PCA is a multivariate statistical analysis, which attempts to simplify a complex set of interrelationships by creating one or few variables, with respect to those that allow a more convenient examination of the overall spatial relationship. The overall variance in a data set is explained by isolating a number of components with respect to newly defined axes, each of which corresponds to a variable (e.g., Richman ). It helps to identify patterns in the data and express the data such that these similarities and differences are highlighted. PCA can be understood as a variable reduction procedure. PCA is used on monthly precipitation.
RESULTS

Descriptive statistics and rainfall distribution
The cumulative distribution of monthly rainfall was computed for observed as well as for simulated precipitation and plotted in Figure 2 . It is seen that all models generally The distribution parameters are shown and compared in 
Extreme event analysis
Daily storms were analyzed for extreme events. It was found that all data sets fitted well to the GEV family. Apart from RACMO2, all data sets accepted the Gumbel distribution.
The parameter estimates and plots are shown in Table 4 and Figure 3 . It can be seen that CLM and PROMES data gave similar parameter estimates as the observed series.
The return level plot of CLM and PROMES came closest is reported in Table Table 6 .
The mean values of the annual maxima of 1 day, 2 day, 3 day, and 7 day were computed. All models showed values close to the observed values for 1-3 day annual maximum precipitation, while for HadRM3QO and PROMES the 7-day annual maximum precipitation was computed too low (Table 6 ). The number of rainfall events in summer and winter months is presented in Table 7 . It can be observed from the table that REMO and PROMES overestimate the number of rainy days for the summer season as compared to observed data whereas all others underestimate the same. In the winter season, all the models overestimate the number of rainy days in the area.
Inter-annual variability and autocorrelation
The annual precipitation at a location may be quite stable from year to year, vary rather a lot or be correlated to the precipitation in the previous year. The annual relative change is a measure of the inter-annual variability. It was determined for the simulated data from each model and for historic annual data series. Figure 4 shows the computed relative change for all the series. 
Principal component analysis
Monthly observed and simulated precipitation is used for PCA analysis. In general, the number of components extracted is equal to the number of variables under consideration. Of these components, it must be decided which of them are worthy of being retained for further interpretation. Only the first few components will account for explaining meaningful variance. In our analysis, the first four components explained more than 80% of the variance. The first two components explained 28% and 23% of the variance, respectively. All eigenvalues were positive. The coefficients of principal components were plotted and are tabulated in Table 9 . When the two components are plotted for the observed data, both the components lie close to the origin meaning that their impact is minor. It is important that the chosen principal components impact the observed data series. The first three principal components together explain approximately 70% variability in the data. Simulations generated by RCM-PROMES are of a similar nature as observed monthly precipitation.
DISCUSSION AND CONCLUSION
Given the potential implications of regional climate changes towards documenting national policies and One can conclude that regional climate models are able to capture the characteristics of daily precipitation on a rather local scale, but there is a need to realize the bias correction methods used for impact studies. Presented statistical methods can be used for correcting raw RCM data in accordance with observed values and can then be thoroughly used for impact studies. Among the five regional climate models considered RCM-PROMES simulation statistics are able to best define the patterns and occurrence of events as seen in the recorded historic data. Results also indicate that there are conceptual problems and practical limitations in using these high-resolution climate model outputs for predicting ecosystem responses. However, the mean statistics are well described in them which should be sufficient for most ecosystem problems.
